Glycosaminoglycans (GAG) play an important role in renal homeostasis. They are strongly negatively charged polysaccharides that bind and modulate a myriad of proteins, including growth factors, cytokines, and enzymes. With the aid of specific phage display-derived antibodies, the distribution of heparan sulfate (HS) and chondroitin sulfate (CS) domains in the normal human kidney was studied. HS domains were specifically located in basement membranes and/or surfaces of renal cells and displayed a characteristic distribution over the nephron. A characteristic location in specific parts of the tubular system was also observed. CS showed mainly an interstitial location. Immunoelectron microscopy indicated specific ultrastructural location of domains. Only partial overlap with any of seven different proteoglycan core proteins was observed. Two HS domains, one highly sulfated (defined by antibody HS4C3) and one low sulfated (defined by antibody RB4Ea12), were studied for their cell biologic relevance with respect to the proliferative effect of FGF-2 on human mesangial cells in vitro. Fibroblast growth factor 2 (FGF-2) binding was HS dependent. Addition of purified HS4C3 antibody but not of the RB4Ea12 antibody counteracted the binding and the proliferative effect of FGF-2, indicating that the HS4C3 domain is involved in FGF-2 handling by mesangial cells. In conclusion, specific GAG domains are differentially distributed in the normal human kidney and are likely involved in binding of effector molecules such as FGF-2. The availability of tools to identify and study relevant GAG structures allows the development of glycomimetica to halt, for instance, mesangial proliferation and matrix production as seen in diabetic nephropathy.
G lycosaminoglycans (GAG) are polysaccharides that are produced in virtually every cell of the human body and are secreted into the extracellular matrix or retained at the cell surface. The GAG precursor polysaccharide undergoes a series of modification reactions, resulting in very complex structures. GAG chains are generally attached to core proteins, forming proteoglycans (1) . Major GAG classes include heparan sulfates/heparin (HS/hep), dermatan sulfates (DS), and chondroitin sulfates (CS). GAG are involved in a myriad of processes, such as growth factor binding, signal transduction, and cell adhesion (2) (3) (4) .
The importance of GAG in the kidney has been demon-strated, among others, by knockout studies. Mice deficient for the enzyme that catalyzes the 2-O-sulfation of HS (2-O-sulfotransferase) demonstrate agenesis of kidneys (5) . The same holds for mice that lack the enzyme glucuronyl C5-epimerase, which catalyzes the change of glucuronic acid to iduronic acid (IdoA) residues (6) . A mutation in the gene encoding glypican-3 (a membranebound heparan sulfate proteoglycan) manifests itself by cystic and dysplastic kidneys in men (Simpson-Golabi-Behmel syndrome), as well as in mice (7) . Alterations in GAG composition and/or content have been observed in a large number of renal pathologies, including diabetic nephropathy, glomerulonephritides, nephroblastoma (Wilms' tumor), amyloidosis, polycystic kidney disease, minimal-change nephropathy, and Denys-Drash syndrome (8 -13) . The involvement of GAG, especially HS, in such a diverse group of pathologies suggests the presence of a large number of structurally different GAG in the kidney.
The biosynthesis of GAG allows for a large number of dif-ferent GAG chains as well as for extensive structural heterogeneity within one chain. For example, HS consists of repeating disaccharide units that contain a uronic acid (UA), which can be either d-glucuronic acid (GlcA) or IdoA, with or without 2-Osulfation, and a glucosamine residue, which can be N-acetylated (NAc), N-sulfated (NS), or N-unsubstituted. In addition, the glucosamine residue can be 3-and/or 6-O-sulfated. A number of different HS disaccharides have been found in the kidney, including GlcA-GlcNR (R can be an acetyl or a sulfate group), IdoA-GlcNR, GlcA2S-GlcNR, IdoA2S-GlcNR, GlcA-GlcNR6S, IdoA-GlcNR6S, and IdoA2S-GlcNR6S (14 -16) . Furthermore, N-unsubstituted glucosamine (GlcNH 2 ) residues are found in the kidney and account for approximately 2% of the total disaccharide units present (17) . With combinations of these disaccharides and with the knowledge that an HS chain consists of 40 to 160 disaccharides, there can be a vast number of different HS chains, each with unique disaccharide sequences. Studies of alterations in GAG associated with renal pathology have generally been limited to the analysis of total GAG content or their major classes. Studies of the topology and domain structure of GAG have been hampered by a lack of appropriate tools that allow detection of the different GAG domains. Only a few antibodies against these GAG domains are available, for instance the JM403 antibody (18). We recently obtained specific tools to analyze GAG heterogeneity by selecting a large number of phage display-derived antibodies that are reactive with renal GAG (19 -21) .
In this study, we used a panel of these specific antibodies selected against HS and one against CS to establish the topography of GAG domains in human kidney. Furthermore, the significance of two HS domains in growth factor handling by human mesangial cells (HMC) in vitro was studied.
Materials and Methods

Antibodies
Phage Display-Derived Anti-HS Antibodies.
The antibodies used in this study (further referred to as scFv antibodies) were obtained using the phage-display technique, and some of their characteristics are shown in Table 1 .
Antibodies Specific for Renal Tubules.
For studying the distribution of GAG domains and core proteins over the nephron, the following renal tubule-specific antibodies (see Table 2 ) were applied: Aquaporin 1, 2, and 3; RCK-105 (keratin 7); Tamm Horsfall; and Calbindin D 28k .
Human Kidney Specimens
Adult human kidneys (n ϭ 9; one female, eight male; average age, 50.7 Ϯ 5.0 yr; range, 40 to 56 yr) were obtained after surgical removal for renal cell carcinoma. Whole kidneys were excised, and normal tissue was selected after macro-and microscopic evaluation. Patients did not have any other kidney disease.
Immunohistochemical Localization of GAG Domains
Cryosections (5 m) were cut, air dried, blocked for 10 min with PBS that contained 2% (wt/vol) BSA, and incubated with primary antibody for 90 min at 22°C. ScFv antibodies were detected by incubation with rabbit anti-VSV antibodies (MBL, Nagoya, Japan) or mouse anti-VSV antibodies (P5D4, culture supernatant), followed by Alexa 488 -or Alexa 594 -conjugated goat anti-rabbit or goat anti-mouse IgG (Molecular Probes, Leiden, The Netherlands; 1:100 in PBS that contained 2% BSA), all for 60 min at 22°C. Antibodies against distinct segments of the renal tubular system were visualized using Alexa 488 -or Alexa 594conjugated goat anti-mouse or goat anti-rabbit IgG antibodies (1:100 in PBS that contained 2% BSA), for 60 min at 22°C. After each incubation, sections were washed in PBS (three times for 5 min). As a control, the irrelevant scFv antibody MPB59 was used. This scFv antibody does not stain human kidney tissue. Additional controls were the omission of primary, secondary, or conjugated antibody. After the last washing step, cryosections were fixed in 100% ethanol for 20 s, air-dried, and embedded in Mowiol.
Immunohistochemical Localization of Core Proteins
For the immunohistochemical localization of core proteins, the same protocol as for the localization of GAG domains was used but with omission of the anti-VSV antibodies. Antibodies used were anti-versican (12C5; Development Studies Hybridoma bank; 1:50), anti-perlecan (Chemicon, Temecula, CA; 1:10,000), anti-agrin (UBI, Lake Placid, NY; 1:20) , anti-endostatin (the c-terminal part of type XVIII collagen; Alpha Diagnostic International, San Antonio, TX; 1:100), anti-syndecan-1 (CD138; Serotec Inc., Oxford, UK; 1:100), Ϫ2 (10H4, 1:500) and Ϫ3 (1C7, 1:50). Antibodies were visualized using Alexa 488 -or Alexa 594conjugated secondary antibodies.
A confocal microscope (Biorad MRC1024) and a routine immunofluorescence microscope (Zeiss Axioskop) were used to analyze the sections. Two observers (J.F.M.L. and A.R.) analyzed the stainings double blind.
Immunoelectron Microscopy
Human kidney biopsies were fixed for 3 h in Somogyi solution that contained 4% formaldehyde and 0.05% glutaraldehyde in 0.1 M phosphate buffer. Sections (200 m) were cut using a vibratome and incubated in increasing amounts of glycerol (10 to 30%) in phosphate buffer for 30 min. Sections were oriented on Thermanox (LAB-TEK DVI; Miles Laboratories Inc., Naperville, IL) and rapidly frozen in liquid propane (Ϫ190°C), using a rapid freeze apparatus (KF80; Reichert-Jung, Wetzlar, Germany). Freeze substitution was performed as described (22) . Ultrathin lowicryl HM20 resin sections were cut on a Reichert Ultracut-E and mounted on one-hole nickel grids coated with a formvar film. Sections were preincubated in PBS that contained 0.2% BSA and 0.05% cold fish skin gelatin (PBG). Sections were incubated overnight at 4°C in drops of PBG that contained anti-GAG scFv antibodies, diluted 1:100, and washed for 20 min in PBG. Bound antibodies were visualized using anti-VSV tag antibody P5D4 and goat anti-mouse IgG labeled with gold spheres (10 nm; Aurion, Wageningen, Netherlands). Sections were washed in PBS and postfixed with 2.5% glutaraldehyde in PBS for 5 min. After washing with distilled water, sections were contrasted with uranyl acetate and studied using a Jeol TEM 1010 electron microscope.
Involvement of HS Domains in Fibroblast Growth Factor 2 Handling
Binding of Fibroblast Growth Factor 2 to HS.
For studying whether fibroblast growth factor 2 (FGF-2; produced, isolated, and purified as described before [23] ) binds to HS, two strategies were used. In the first strategy, cryosections were incubated with and without FGF-2 (10 g/ml PBS that contained 1% Tween) for 1 h and subsequently stained for HS domains using scFv antibodies (see above). We evaluated whether staining intensity was reduced. In addition, before incubation with FGF-2, cryosections were incubated for 2 h with 0.04 IU of heparinase III (IBEX Technologies, Montreal, QU, Canada) in 25 mM Tris/HCl (pH 8) at 22°C. Thereafter, the capacity to bind FGF-2 was evaluated by immunofluorescence using an anti-FGF-2 antibody (F-3393; Sigma-Aldrich, St. Louis, MO) and Alexa 488 -conjugated goat anti-mouse IgG.
In the second approach, the effect of purified scFv antibodies on FGF-2 binding to human mesangial cells in culture was studied. SV40 large T antigen-immortalized HMC were used as described before (24) and grown in DMEM (Invitrogen, Breda, The Netherlands) with 5.5 mM glucose and 10% heat-inactivated FCS gold (PAA, Pasching, Austria) at 37°C, unless stated otherwise. Passages 5 to 8 were used for the experiments. Cells were evaluated for the expression of mesangial cell markers, positive ones (smooth muscle actin, fibronectin, vimentin, and desmin) as well as negative ones (cytokeratin 18, and CD45). Results were the same as found by Banas et al. (24) . In 24-well plates (Greiner, Alphen a/d Rijn, The Netherlands), HMC were seeded on glass coverslips at a density of 50,000 cells/well. After 24 h of adjusting, the cells were washed twice with PBS and once with DMEM that contained 0.5% FCS. Cells then were incubated for 5 min, 30 min, 60 min, and 24 h in DMEM that contained 100 g of purified scFv antibodies/ml DMEM that contained 0.5% FCS, followed by incubation for 1 h in DMEM that contained FGF-2 (10 ng/ml). Cells were fixed using ice-cold methanol and stained with scFv antibodies as described or with the anti-FGF-2 antibody followed by goat anti-mouse Alexa 488. For evaluating HS dependence of scFv antibody binding as well as FGF-2 binding, cells were pretreated with heparinase III (see above).
Involvement of HS Domains in FGF-2-Induced Cell Proliferation.
For evaluating the effect of the scFv antibodies on the FGF-2-induced proliferation, HMC were seeded in a 96-well plate (Greiner; 10,000 cells/well) in DMEM that contained 5.5 mM glucose and 0.5% FCS. Cells were incubated at 37°C with and without purified scFv antibodies as described above, and FGF-2 (10 ng/ml) was added 5 min thereafter. Incubation was for 4 d. Cell proliferation was analyzed using the WST-1 test, based on the conversion of the substrate WST-1 by mitochondrial dehydrogenases of viable cells to a soluble formazan salt, which directly correlates with the cell number (Roche Diagnostics GmbH, Penzberg, Germany). Absorbance was read at 450 nm.
Results
Localization of GAG Domains
Immunofluorescence Microscopy.
The distribution of GAG domains in human kidney is summarized in Table 3 . Heparinase III treatment abolished all HS staining (data not shown). HS domains were restricted to basement membranes or cell surfaces, whereas the CS domain primarily localized to the interstitium (Figures 1 and 2 , Table 3 ). Of the anti-HS scFv antibodies, HS4C3 predominantly stained the mesangial areas and peritubular capillaries but also showed staining of the glomerular basement membrane (GBM; Figures 1 through 3 , Table 3 ). The domain recognized by HS4E4 was primarily present in Bowman's capsule and the collecting ducts ( Figure 1 , Table 3 ). ScFv antibody AO4B08 most strongly stained the collecting ducts and smooth muscle cells, but there was also good staining of the descending and ascending thin limbs of Henle's loop ( Figure 2 , Table 3 ) and Bowman's capsule. RB4Ea12 showed good staining only of the proximal tubules ( Figure 1 , Table 3 ). EW4A11 moderately stained all structures within the glomerulus and the thick ascending limb but also showed clear staining of the rest of the tubules (Table 3 ). EW3D10 displayed a strong staining of the collecting ducts and an evident staining of the glomerular tuft, the mesangium, peritubular capillaries, and the connecting tubules (Figures 1 and 2 , Table 3 ).
IO3H10, the anti-CS scFv antibody, stained the proximal tubules and the thick ascending limbs, as well as Bowman's capsule and blood vessel endothelium (Figure 2 , Table 3 ). The staining pattern was more fibrillar, in contrast to the linear pattern seen using the HS antibodies.
To study co-localization of specific GAG domains with specific proteoglycans, we analyzed the distribution of seven different core proteins in the kidney (Table 4 ). Although partial overlap was noticed in a number of cases, no complete overlap was observed between any of the specific GAG domains with any of core proteins studied.
Immunoelectron Microscopy. Four antibodies (HS4C3, EW3D10, HS4E4, and EW4A11) were selected for the ultrastructural localization of specific HS domains, with special emphasis on the glomerulus. The scFv antibody HS4C3 stained the GBM at the site of the podocytes but not of the endothelium ( Figure 4A ). It also stained the mesangial cells within the glomerulus but not Bowman's capsule (data not shown). In contrast, antibody EW3D10 primarily stained the cell surface of the podocytes, rather than the GBM ( Figure 4B ). Antibody HS4E4 did not show any staining in the glomerulus ( Figure 4C ), but it did react with the basal lamina of Bowman's capsule. With antibody EW4A11, no major labeling was observed in the glomerulus.
Involvement of HS Domains on FGF-2 Handling
Staining for endogenous FGF-2 in normal human kidney sections revealed only faint staining of FGF-2. Therefore, kidney cryosections were loaded with FGF-2. FGF-2 primarily bound to the mesangium, to the glomerular tuft, and to a lesser extent to Bowman's capsule ( Figure 3A) . The ascending thin limbs of Henle's loop and the collecting ducts were also positive for FGF-2 staining. This is in line with observations done by others (25) . FGF binding to sections was heparinase III sensitive, indicating that HS is involved in FGF-2 binding. To study the involvement of specific HS domains in FGF-2 handling, we selected two scFv antibodies: HS4C3 and RB4Ea12. In a previous study (19) , using an ELISA approach, it was shown that the domain defined by scFv antibody HS4C3 was involved in FGF-2 handling, because FGF-2 was able to inhibit the binding of scFv antibody HS4C3 to immobilized HS by 59%. Because the HS4C3 antibody also strongly stained the mesangial area, the site where most FGF-2 staining was found (Figure 3 ), we selected this antibody for further study using a functional, cell culture approach. We also selected scFv RB4Ea12, because this antibody did not stain the mesangium (Figure 1, Table 3 ), and FGF-2 did not inhibit binding of this antibody to immobilized HS (data not shown). Both scFv antibodies, however, do stain HMC in vitro ( Figure 5, A1 and A2) . As a control scFv antibody, MPB59 was used ( Figure 5C3 ). This antibody shows, on an amino acid basis, 99% similarity with HS4C3 but is not reactive with HMC or HS ( Figure 5C3 ).
For studying whether FGF-2 is bound to HMC by HS, cells were loaded with FGF-2 with and without previous treatment with heparinase III. As can be seen from Figure 5B3 , FGF-2 binding is heparinase sensitive: No FGF-2 was bound by HMC after enzymatic removal of HS. For studying the effect of FGF-2 on HMC, first the stimulatory effect of FGF-2 was assessed using the WST-1 assay ( Figure 6 ). It was found that 10 ng/ml FGF-2 had a stimulatory effect on HMC proliferation compared with cells that were grown without exogenous FGF-2 (control). The stimulatory effect of FGF-2 was completely counteracted by previous addition of HS4C3 but not by previous addition of RB4Ea12 or MPB59 ( Figure 6 ). Addition of the scFv antibody alone had no effect on HMC proliferation ( Figure 6 ). Previous addition of HS4C3 but not previous addition of RB4Ea12 or MPB59 prevented FGF-2 to bind to HMC ( Figure 5, C1 through C3 ).
Discussion
This study shows that many different GAG domains are located in the adult human kidney. Each domain has a characteristic distribution in the kidney and especially in the nephron. The HS domains are confined to the basement membranes and 
cell surfaces, whereas the CS domain was abundantly expressed in the interstitium but not in the mesangial area. Because seven different scFv antibodies were used, the results indicate that there are at least seven different HS chains in the kidney. Domain heterogeneity within a single chain of HS is also highly likely (1, 26) . Therefore, in the kidney, an extensive set of different HS domains is present. We studied whether there was a co-localization of a specific core protein and one of the scFv antibodies. Ultrastructural studies indicated some domains to be associated with basement membrane proteoglycans (e.g., domain defined by antibody HS4C3, present in the GBM) and others with cell surface proteoglycans (e.g., domain defined by antibody EW3D10, present at the cell surface of podocytes). However, there was no complete overlap between any of the domains defined by the scFv antibodies and a specific core protein. One explanation for this is that a specific core protein can be substituted with different GAG chains depending on the type of cell (podocyte, endothelium, tubular epithelium, etc.) and its physiologic state (27) . In addition, splice variants of core proteins may influence the GAG moiety present in proteoglycans. Immunoprecipitation studies may reveal the core protein(s) to which a specific GAG domain is bound. The location of the domain defined by HS4C3 in the GBM just below the foot processes of the podocytes is of interest regarding the barrier function of the heparan sulfate proteoglycan in the GBM. The antibody recognizes a highly sulfated HS domain and therefore may be involved directly in the charge-dependent permeability characteristics of the glomerulus. Heparan sulfates bind and modulate a vast amount of proteins ("heparin-binding proteins") (2,26). These include growth factors such as FGF and vascular endothelial growth factors; chemokines such as the CXC and CC types; matrix molecules such as collagens and laminins; enzymes such as proteases and lipases; and various enzyme inhibitors (e.g., serpins), receptor proteins (e.g., growth factor receptors), and viral/bacterial proteins. Many of these proteins play an important role in the kidney during health and disease. It is becoming increasingly clear that the protein-binding characteristics of HS cannot be ascribed to a few generic HS molecules but that instead many HS species, each with typical domain structures, exist. A major question is what the cell biologic relevance of the various specific domains is. To address this question, we studied the biologic importance of two domain structures (defined by scFv antibodies HS4C3 and RB4Ea12) with respect to the proliferative effect of FGF-2 on human mesangial cells. We and others have shown that FGF-2 is a potent stimulator of these cells (28) . It was found that the HS4C3 but not the RB4Ea12 domain is involved in the binding and handling of FGF-2. ScFv antibody HS4C3 recognizes highly sulfated HS structures that contain Oas well as N-sulfated disaccharides (19) . RB4Ea12, however, recognizes low-sulfated oligosaccharides, and 2-O sulfation impedes binding. This is in line with what is known about the structural requirements in the HS domain necessary for FGF binding, in which a 2-O-sulfated IdoA residue is essential. HS has a role in binding both FGF-2 and its receptor (transmembrane tyrosine kinase receptor) (3, 29, 30) . For renal interstitial fibroblasts, the response to FGF-2 is HS mediated (31) . Binding of HS to the receptor is dependent on 6-O sulfation; consequently, 2-as well as 6-O sulfation is needed to initiate the signaling events. HS chains, which contain multiple FGF-2 binding sites, may bring together FGF-2 and their receptors in a three-dimensional pattern, such that dimerization, necessary for signal transduction, is established (3, 30, 32) . An effect of the antibodies as such on the signaling events is unlikely because scFv are monovalent and the binding of antibody RB4Ea12 to HMC did not result in any effect. The HS4C3 domain is primarily located in the mesangium, and exogenously applied FGF-2 also concentrates, in an HS-dependent way, in this area. This indicates that in vivo, the kidney may use this HS domain to sequester FGF-2 in the mesangium. FGF-2 is involved in a number of renal pathologies, including mesangioproliferative glomerulonephritis (33) , tubulointerstitial scarring (34), dysplasia (35) , and hemolytic uremic syndrome (36). A specific, FGF-2 binding HS domain, defined by antibody 10E4, was found associated with fibrotic lesions of the peritubular interstitium, further indicating that HS chains with a specific domain structure are involved in FGF-2 handling (37) . Knowledge of the chemical structure of HS oligosaccharides involved in FGF-2 handling may lead to the development of glycomimetica for therapeutic use. In this respect, an analogy may be drawn to the development of highly active anticoagulative oligosaccharides (38) . The synthesis of these drugs was based on the identification of the chemical structure of a pentasaccharide involved in Figure 5 . Immunostaining of human mesangial cells (HMC). (A1 through A3) Cells grown in presence of scFv antibodies HS4C3, RB4Ea12, and of FGF-2, respectively. Cells were stained for presence of the scFv antibodies (A1 to A2 and B1 to B2) or for FGF-2 (A3 and B3). (B1 through B3) Cells were pretreated with heparinase III (HepIII) and subsequently treated as A1 through A3. (C1 through C3) Mesangial cells grown in presence of both a scFv antibody and FGF-2 and stained for FGF-2. Note that antibody HS4C3 but not RB4Ea12 inhibits binding of FGF-2 to mesangial cells. MPB59 is a nonrelevant scFv antibody that serves as control (C3). Bar ϭ 20 m in A and C and 50 m in B. Figure 6 . Effect of FGF-2 and purified scFv antibodies, alone or together, on HMC proliferation. Proliferation was measured at 450 nm using the WST-1 test. Incubation conditions of the cells are depicted on the x axis, percentage of proliferation on the y axis. Proliferation of mesangial cells without FGF-2 and scFv antibody was taken as 100%. Note that only antibody HS4C3 is capable of inhibiting the proliferative effect of FGF-2.
the binding of HS/heparin to anti-thrombin III. HS/heparin preparations such as sulodexide and danaparoid have been found to be clinically effective in ameliorating micro-and macroalbuminuria in diabetic nephropathy (39 -42) . In patients with diabetes, with and without nephropathy, the amount of N-sulfation (as indicated by reactivity with antibody 10E4) was found to be decreased in the urine as well as in the kidney (43) . Using the set of scFv antibodies applied in this study, further information can be gathered on structural alterations in HS associated with diabetic nephropathy, eventually leading to a better understanding of the various stages of diabetes and perhaps in better treatment. In addition and because the antibodies used in this study are of a human nature (the phage display library was constructed using human germ line genes), the antibodies may be applied in immunotherapy. Antibodies against FGF-2 have been shown to reduce mesangial cell injury and proliferation in a rat model for mesangial proliferative glomerulonephritis (33) .
Some of the scFv antibodies used have also been applied for staining of rat kidney (19 -21) . In general, a good correlation in staining pattern is seen in human and in rat kidneys, indicating a tight control of HS domain expression. However, some differences are notable. For instance, scFv antibody HS4E4 stained peritubular capillaries in rat but not in human kidney. Differences may be accounted for by variations between species. However, they may also be due to differences in age. The rats used were 3 mo of age (young adults), whereas the human kidneys were from middle-aged individuals (mean, 51 yr). In human aorta, an increase in HS 6-O-sulfation with age has been observed (44) and implicated in the increased binding of PDGF to HS. Age-induced alterations in HS structure may also (functionally?) occur in the kidney and could be demonstrated by the anti-HS scFv antibodies.
In conclusion, a number of structurally different GAG domains with a specific location are present in the normal human kidney and are likely involved in physiologic phenomena. Future research will focus on the chemical identification of the different domains and their role in renal pathobiology.
